Introduction
Waldenstrom macroglobulinemia (WM), a rare B-cell lymphoma characterized by the presence of a lymphoplasmacytic infiltrate in the bone marrow and high serum levels of monoclonal immunoglobulin M protein (IgM), remains incurable despite significant advances in therapy. 1 The lack of a common underlying genetic event leading to the development of WM highlights the potential influence of the bone marrow microenvironment on the pathophysiology of this lymphoma. As with many hematologic malignancies, cytokines in the tumor microenvironment are known to support the growth and proliferation of malignant WM cells and may serve as potential therapeutic targets. [2] [3] [4] Even more, our recent analysis found a unique cytokine profile in the bone marrow of patients with WM compared with healthy marrows and identified a novel interplay between IL-6, the chemokine RANTES, and IgM production in WM tumor cells. 5 These data suggest that other cytokines present within the bone marrow microenvironment may influence the biology of malignant WM cells as well.
Interleukin 21 (IL-21) is the most recently discovered member of the class I cytokine family, which also includes IL-2, IL-4, IL-7, IL-9, and IL-15. 6 Like these other cytokines, IL-21 uses a receptor complex to initiate intracellular signaling events. This complex is composed of the common ␥ chain receptor as well as the specific IL-21 receptor (IL-21R), which is required for ligand binding. 7 Although IL-21 is predominantly secreted by activated CD4 ϩ T cell, natural killer T cell, and dendritic cells, IL-21R is expressed by a wide range of effector cells across different lineages, including nearly all cells of the immune system. 8, 9 However, IL-21 is a pleiotropic cytokine, and its exact biologic effect appears to depend on various factors, including the species and type of effector cell as well as the cell's stage of differentiation and activation status. 10, 11 In healthy human B cells, IL-21 induces differentiation of CD40-and BCR-activated naive and postswitch memory B cells into antibody-producing plasma cells. 12, 13 In malignant B cells, however, IL-21 exerts diverse effects, depending on the histology of the malignant cell in question. For example, malignant B cells derived from patients with chronic lymphocytic leukemia respond to IL-21 stimulation by undergoing Bim-dependent apoptosis, an effect that is further enhanced in the presence of chemotherapy and immunotherapy. 14, 15 Similar proapoptotic effects of IL-21 have been observed in diffuse large B-cell lymphoma and follicular lymphoma as well. 16, 17 Yet the addition of IL-21 to multiple myeloma and Hodgkin lymphoma cells significantly increased proliferation and prosurvival signals. [18] [19] [20] These data all indicate a potent, if not differential, effect of IL-21 on the growth and survival of human B cells. However, the biologic significance of IL-21 has not been explored in WM. In the present study we examined the expression of the IL-21 receptor complex on WM cells and have determined whether IL-21 contributes to the biology of this malignancy. Our data show that not only is IL-21 present in the bone marrow microenvironment of patients with WM, but that IL-21 significantly increases the proliferation and IgM secretion of WM tumor cells through a STAT3-mediated mechanism.
use of positive selection beads and RoboSep (StemCell Technologies; Table  1 ). CD19 ϩ CD138 ϩ cells and the remaining CD19 Ϫ CD138 Ϫ fraction were cultured separately or frozen in RNALater (Ambion) and stored at Ϫ80°C until use in RT-PCR experiments. All cells were cultured in RPMI 1640 (Invitrogen) supplemented with 50 U/mL penicillin G, 10 g/mL streptomycin, 10% heat-inactivated fetal calf serum, and 1mM sodium pyruvate (Invitrogen) at 37°C with 5% CO 2 . Recombinant human IL-6 and IL-21 were obtained from PeproTech. The STAT3 inhibitor, STATTIC, was purchased from Tocris Bioscience.
Immunohistochemistry
Paraffin-embedded bone marrow specimens obtained from consenting patients with WM were deparaffinized through xylene and graded alcohols and incubated in a solution of methanol/hydrogen peroxide to quench any endogenous peroxidase activity ( Table 1) . The sections were then treated with 1mM EDTA (pH ϭ 8) before staining with rabbit anti-human IL-21 (Novus Biologicals) and subsequently with anti-rabbit biotinylated IgG (Dako) and strepdavidin-HRP (Dako). Staining was visualized with 3Ј,3Ј-diaminobenzidine and counterstaining with hematoxylin. All slides were observed with light microscopy (Olympus AX70; 200ϫ aperture 0.46, 400ϫ aperture 0.75, 600ϫ aperture 0.80; Olympus America) with images being captured with a SPOT RT camera and software (Diagnostic Instruments). Images were prepared with Adobe Photoshop (Adobe Systems Incorporated).
A novel approach termed SIMPLE (Sequential Immunoperoxidase Labeling and Erasing) method with 3-amino-9-ethylcarbazole (AEC) was used to stain the sections for IL-21 together with either CD3 or CD20. 22 The sections were first stained for IL-21, which was detected with Dako Advance System and AEC. The tissue was then destained in 95% alcohol to remove AEC, and the antibody was stripped with glycine/SDS (pH 2) at 50°C for 30 minutes and was rinsed well in TBS. The sections were then stained with either CD3 or CD20 with the use of the same detection system. Digital snapshots of marrow sections were obtained for each antibody before destaining and stripping as described in the previous paragraph. Multicolor composite images were made from subregions of each section and overlaid as separate layers with the use of Adobe Photoshop CS2 with each color assigned to an individual stain.
RT-PCR
Total RNA was isolated with the mirVANA miRNA Isolation Kit (Invitrogen). mRNA (0.5 g) was reversed transcribed with Superscript III Reverse Transcriptase (Invitrogen), and DNA was amplified with HotStarTaq polymerase (Qiagen) over 35 cycles in a Gene AMP PCR System 9700 thermocycler (Applied Biosystems): 95°C (30 seconds), 55°C annealing (30 seconds), and 72°C extension (30 seconds). Primer sequences were as follows: IL-21 forward, 5Ј-GAGGAAACCACCTTCCACAA-3Ј; IL-21 reverse, 5Ј-CAGGAATCTTCATTCCGTGT-3Ј; IL-21R forward, 5Ј-TGCCAACAGGAAGCGAAAGG-3Ј; IL-21R reverse, 5Ј-CTCTGGGCT-GCGTACCGTACA-3Ј; GAPDH forward, 5Ј-GAAGGTGAAGGTCG-GAGTC-3Ј; and GAPDH reverse, 5Ј-GAAGATGGTGATGGGATTTC-3Ј. PCR products were then analyzed by 1% agarose gel electrophoresis.
Quantitative RT-PCR (qRT-PCR) was performed in triplicate with the use of EVA Green (Biotium) and HotStarTaq polymerase on a CFX96 Real-time System (Bio-Rad). Primer sequences were as follows: cMYC forward, 5Ј-CGTCTCCACACATCAGCACAA-3Ј; cMYC reverse, 5Ј-TCTTGGCAGCAGGATAGTCCTT-3Ј; PAX5 forward, 5Ј-TCCG-GAAGCAGATGCGGGGA-3Ј; PAX5 reverse, 5Ј-GGGGGACGGTCT-CATGGGCT-3Ј; BIM forward, 5Ј-TGCCAGCCCTGGCCCTTTTG-3Ј; and BIM reverse, 5Ј-CCGCGGTGCTGGGTCTTGTT-3Ј. Sequences for Bcl-6, BLIMP-1, and XBP-1 have been published previously. 23, 24 
Flow cytometry
To detect IL-21R and the common ␥ chain receptor, cells were washed and stained with IL-21R-PE (R&D Biosystems) or common ␥ chain receptor-APC (Biolegend) antibodies. To determine intracellular IL-21 expression by activated CD4-and CD8-expressing cells, 2 ϫ 10 6 CD19 Ϫ CD138 Ϫ cells isolated from the bone marrow of a patient with WM were cultured on plates coated with anti-CD3 (eBioscience) in the presence of 1 g/mL soluble CD28 antibody (BD Bioscience). After 96 hours, cells were stimulated with phorbol myristate acetate (10 ng/mL), ionomycin (0.5 g/ mL), and brefeldin A for 4 hours before permeabilization, fixation, and staining with anti-IL-21-PE (eBioscience), anti-CD4-APC, or anti-CD8-FITC (both obtained from BD Biosciences). STAT phosphorylation was assessed in serum-starved MWCL-1 cells and freshly sorted CD19 ϩ CD138 ϩ primary tumor cells stimulated with 100 ng/mL IL-21 for 10 minutes. Cells were fixed for 10 minutes at 37°C (BD Phosflow Fix Buffer I; BD Biosciences) and permeabilized for 20 minutes on ice (BD Phosflow Perm Buffer III) according to the manufacturer's directions. Cells were then stained with Alexa Fluor 488-or Alexa Fluor 647-conjugated STAT antibodies (STATs 1-6) or isotype controls. Stained cells were analyzed on a FACSCalibur, and data were processed with FlowJo software (TreeStar Inc). All pSTAT antibodies were purchased from BD Biosciences.
ELISA
Cell-free supernatants were collected from cell cultures and assayed for IL-6, IL-10, IL-21, or IgM according to the respective manufacturers' protocols (Human IL-6, IL-10, and IL-21 ELISA Kits; PeproTech; Human IgM ELISA Kit; Bethyl Laboratories Inc). Optical densities were determined with a SpectraMax190 microplate reader (Molecular Devices).
Proliferation assay
MWCL-1 cells were serum-starved overnight in RPMI containing 1% BSA and cultured for 72 hours with IL-21 in 96-well flat-bottom plates at a density of 0.25 ϫ 10 5 cells/well. Primary CD19 ϩ CD138 ϩ cells were cultured in the presence or absence of IL-21 immediately after sorting at a density of 1 ϫ 10 5 cells/well of a 96-well plate.
Cultures were pulsed with 1 Ci (0.037 MBq) titrated thymidine ( 3 H-TdR; 5.0 Ci/mmol [185 GBq/mmol]; Amersham) for 18 hours before harvesting, and incorporation of 3 H-TdR was determined with a Beckman scintillation counter (GMI Inc).
Annexin-propidium iodide survival staining
Cells cultured in the presence or absence of IL-21 for 72 hours were stained with 1 g of annexin-V-FITC (Invitrogen) at 4°C for 20 minutes, followed For personal use only. on October 28, 2017. by guest www.bloodjournal.org From by staining with 0.5 g of propidium iodide. Cells were immediately analyzed on a FACSCalibur (BD Biosciences). Data analysis was performed with FlowJo Version 6.3.4 software (TreeStar).
Immunoblotting
To determine the kinetics of STAT phosphorylation, MWCL-1 cells were serum-starved overnight in RPMI containing 1% BSA and treated with recombinant IL-21 (100 ng/mL) the next morning. At the indicated times, cells were lysed in RIPA buffer and analyzed by SDS-PAGE. Membranes were stained with pSTAT1, STAT1, pSTAT3, STAT3, pSTAT5, and STAT5. All antibodies were obtained from Cell Signaling except pSTAT3 and STAT3, which were purchased from Santa Cruz Biotechnology. To assess the effects of IL-21 on the expression of various transcription factors, serum-starved MWCL-1 cells were cultured with IL-21 (0-200 ng/mL) for 72 hours. Cells were then lysed with RIPA buffer and analyzed by SDS-PAGE. Membranes were stained with BLIMP-1 (Novus Biologicals), PAX5, Actin, XBP-1 (Santa Cruz Biotechnology Inc), BIM, c-myc, CyclinD1 (Cell Signaling), or Bcl-6 (Abcam).
Statistical analysis
Statistical analysis was performed with Prism Version 5.0d (GraphPad Software) with the use of the Student t test. Significance was set at P Ͻ .05.
Results

IL-21 in the WM microenvironment
Immunohistochemical staining showed the presence of IL-21 in the bone marrow of patients with WM ( Figure 1A ), although the IL-21 staining did not differ significantly from that of normal marrow. However, the WM infiltrates in all of the bone marrow sections studied were negative, suggesting that the source of IL-21 within the bone marrow of patients with WM is not the malignant cells. To determine whether the malignant WM B cells are susceptible to the IL-21 present in the bone marrow microenvironment, expression of IL21R was assessed via RT-PCR both in CD19 ϩ CD138 ϩ cells isolated by positive selection from patients with WM and in the newly characterized WM cell line, MWCL-1. All CD19 ϩ CD138 ϩ patient samples expressed IL21R as did MWCL-1 cells and Karpas 299 cells, which were used as a positive control ( Figure 1B) . However, as suggested by the immunohistochemical staining, transcript for IL-21 itself was detectable in neither the CD19 ϩ CD138 ϩ samples tested nor in the MWCL-1 cell line. With flow cytometry, coexpression of IL-21R and the common ␥ chain receptor was detected on the MWCL-1 cell line ( Figure 1C) . Expression of IL-21R was detected on primary CD19 ϩ CD138 ϩ WM cells as well at relatively similar levels on all samples assessed, with ⌬MFI (mean fluorescence intensity) values (⌬MFI IL-21R /⌬MFI Isotype ) ranging from 1.36 to 2.54 (n ϭ 7). The common ␥ chain receptor was also highly expressed on all primary CD19 ϩ CD138 ϩ WM cells studied.
Although WM cells express the receptor complex required for IL-21 binding and intracellular signaling, IL-21 in the WM tumor microenvironment does not appear to come from the malignant B cells. To better understand which cells are expressing IL-21 in the bone marrow of patients with WM, we performed RT-PCR on the CD19 Ϫ CD138 Ϫ fraction of cells remaining after positive selection for the malignant B cells (Figure 2A ). IL-21 transcript was highly expressed in 3 of the 5 samples tested, with weaker expression in a fourth sample. We cultured additional CD19 Ϫ CD138 Ϫ cells obtained from the bone marrow aspirates of patients with WM on plates coated with anti-CD3 and supplemented with anti-CD28 to activate T cells. Cells cultured under these conditions expressed significantly higher levels of IL-21 transcript than did unstimulated cells, suggesting that IL-21 in the WM bone marrow microenvironment is coming from activated T cells ( Figure 2B ). Furthermore, gating on CD4 ϩ or CD8 ϩ cells within the CD19 Ϫ CD138 Ϫ population showed significant expression of intracellular IL-21 protein as well ( Figure 2C ). We also detected IL-21 expression in activated CD3 ϩ CD56 ϩ natural killer T cells, as has been reported previously in mice (data not shown). 25 We then detected IL-21 protein in the supernatants of cultured CD19 Ϫ CD138 Ϫ cells isolated from WM bone marrow samples ( Figure 2D ). IL-21 secretion was enhanced when cells were cultured for 72 hours in the presence of anti-CD3 and anti-CD28 as well as IL-6, a cytokine known to stimulate IL-21 production by nonmalignant T cells. [26] [27] [28] Finally, staining of WM bone marrow sections with IL-21 followed by either CD3 or CD20 showed costaining of IL-21 with CD3 ϩ T cells but not with CD20 ϩ B cells ( Figure 2E ). 
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IL-21 increases cellular proliferation and IgM secretion of malignant WM B cells
We next examined the effect of IL-21 on the biologic activity of malignant WM cells. Unlike previous studies whereby IL-21 was observed to promote apoptosis of malignant B cells, this cytokine had minimal effects on the viability of MWCL-1 cells ( Figure 3A) . Instead, MWCL-1 cells cultured in IL-21 for 72 hours displayed a dose-dependent increase in cellular proliferation as measured by Figure 4C ).
IL-21 activates STAT signaling in WM cells
Because IL-21 produced a significant biologic effect on the proliferation and IgM secretion of WM cells, we next determined which signaling mechanisms were responsible for mediating the effects of this cytokine in WM. We specifically explored the phosphorylation status of members of the STAT family of signaling molecules, because the JAK/STAT signaling pathway, in particular STAT3, is known to be activated on the binding of IL-21 to its cognate receptor. 14, 18, 20, 28 Stimulation with 100 ng/mL IL-21 for 10 minutes yielded significant increases in the phosphorylation status of STAT1 and STAT3, and, to a lesser extent, STAT5 in serum-starved MWCL-1 cells ( Figure 5A ). Although STAT activation was more subtle in CD19 ϩ CD138 ϩ WM cells obtained from patient bone marrow samples, phosphorylation of STAT3 was still significantly enhanced after incubation with 100 ng/mL IL-21 ( Figure 5A ). Further analysis was performed to discover the kinetics of STAT activation in response to IL-21 stimulation. Increases in the phosphorylation of STAT1, STAT3, and STAT5 were detectable in MWCL-1 cells within 1 minute after the After 72 hours, cell-free supernatants were harvested, and IgM levels were determined by ELISA. Samples were run in triplicate, and data are presented as the mean Ϯ SD. The 100-ng/mL well from WM25 became infected and was therefore not usable for this experiment. (C) Viability of CD19 ϩ CD138 ϩ cells cultured in the presence or absence of IL-21 (25 ng/mL or 100 ng/mL) for 72 hours. All values are adjusted relative to the viability of the control, which was set at 100%. The 100-ng/mL well from WM25 became infected and was therefore not usable for this experiment. Experiments were performed once for each patient sample. *Statistically significant at P Ͻ .05.
addition of IL-21 and were sustained to 30 minutes ( Figure 5B ). We then examined the effect of STAT3 inhibition on the biologic response of MWCL-1 cells to IL-21 through the use of the STAT3-specific small-molecule inhibitor, STATTIC. 29 Inhibition of STAT3 phosphorylation by STATTIC abrogated the IL-21-mediated increase in both proliferation and IgM secretion observed in the absence of STATTIC ( Figure 5C ). Cells cultured in 0.5M STATTIC were also unable to respond to IL-21 with an increase in STAT3 phosphorylation, whereas STAT1 and STAT5 phosphorylation remained unaffected, providing further evidence for the importance of STAT3 as the primary mediator of IL-21 signaling in WM cells. 5M STATTIC before the addition of 100 ng/mL IL-21 where indicated. Cells were cultured for 72 hours, and proliferation, IgM secretion, and viability were assessed as outlined in "Methods." Each experiment was performed 3 times, and data represent the mean Ϯ SD. *Statistically significant at P Ͻ .05. Immunoblotting for pSTAT3 was performed on MWCL-1 cells pretreated in the presence or absence of 0.5M STATTIC for 20 minutes, followed by stimulation with 100 ng/mL IL-21 for 10 minutes. Cells were lysed in RIPA buffer and SDS-PAGE was performed. After probing for pSTAT3, blots were stripped, and total STAT3 was used as a loading control.
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IL-21 regulates the expression of genes involved in B-cell differentiation
To better understand the mechanisms by which IL-21 increases cellular proliferation and IgM secretion in malignant WM B cells, we assessed the effect of IL-21 on the mRNA and protein expression of several transcription factors known to regulate healthy B-cell differentiation. qRT-PCR and Western blot analysis indicated increases in both the transcript and protein expression of BLIMP-1 (PRDM1), XBP-1, and Bcl6 on the addition of IL-21 to the culture media ( Figure 6A-B) . PAX5, which is suppressed by BLIMP-1, was subsequently decreased at both the mRNA and protein levels. 30 Transcript and protein expression of XBP-1, a transcription factor involved in regulating immunoglobulin secretion, was also enhanced in the presence of IL-21, consistent with the increase in IgM secretion observed when WM cells are cultured with IL-21. IL-21 had little effect on cMyc expression in MWCL-1 cells despite this transcription factor being a known target of IL-21. 16 However, cMyc expression was already quite high in the MWCL-1 cells, and it is possible that additional stimulation by IL-21 yielded no additional affect. Finally, gene expression of the proapoptotic Bcl-2 family member BIM, which has been shown to have an important role in mediating the effects of IL-21 in chronic lymphocytic leukemia, was increased in MWCL-1 cells treated with IL-21. 15 However, this increase in transcript did not translate to an increase in BIM protein level, consistent with the minimal effects of IL-21 on apoptosis in WM.
We also determined whether IL-21 affected the expression and secretion of other cytokines known to be involved in the pathophysiology of WM tumors and regulated through STAT3. Specifically, IL-21 was observed to increase the secretion of IL-6 by both MWCL-1 cells and primary CD19 ϩ CD138 ϩ tumor cells ( Figure   6B -C). Significantly higher levels of IL-10 were also detected in the cell-free supernatants of MWCL-1 cells treated with IL-21 than of control cells. However, use of neither an IL-6R nor IL-10R neutralizing antibody before administration of IL-21 diminished the biologic response of MWCL-1 cells to IL-21, suggesting that these effects are because of IL-21 itself and not a secondary increase in IL-6 or IL-10 (data not shown).
Discussion
IL-21 is known to be an integral mediator of B-cell differentiation and antibody production. IL21R Ϫ /IL21R Ϫ mice have normal B-cell counts but elevated titers of IgE along with severe defects in IgG production after antigen stimulation, whereas IL-21 transgenic mice exhibit elevated serum levels of IgM and IgG1, indicating the ability of IL-21 to promote isotype switching in vivo. 31, 32 IL-21 is also a potent stimulator of class-switch recombination and plasma cell differentiation in human B cells. 13 Because of its known role in the development of healthy B cells, investigations have been undertaken to explore the effect of IL-21 on malignant B cells. Interestingly, the response to IL-21 in malignancy highly depends on the differentiation status and pathology of the malignant B cell under study. 15, 17, 18, 33 Although cytokines within the tumor microenvironment are known to be important in the maintenance of WM tumors, the biologic response of malignant WM B cells to IL-21 has not been examined. We report here that IL-21 is not only present within the bone marrow of patients with WM but also that both the representative WM cell line, MWCL-1, and primary CD19 ϩ CD138 ϩ WM cells express both components of the receptor complex required for IL-21 binding and signaling, namely the IL-21R and the common ␥ chain receptor. 8 These findings led us to believe that WM tumor cells may be responsive to the IL-21 in their microenvironment.
To evaluate the biologic significance of IL-21 in the bone marrow of patients with WM, we examined the effect of IL-21 on the proliferation of isolated WM tumor cells. CD19 ϩ CD138 ϩ WM cells cultured with IL-21 for 72 hours showed a significant increase in proliferation, an effect that was also observed in MWCL-1 cells. The effect of IL-21 on IgM secretion was even more substantial. However, IL-21 appeared to have little effect on the viability of WM cells. These findings are consistent with previous studies in Hodgkin lymphoma, Burkitt lymphoma, and multiple myeloma whereby IL-21 was observed to promote the growth of malignant B cells. 17, 18, 33 However, although the ability of IL-21 to increase antibody production by healthy B cells has been well characterized, ours is the first study to report an increase in immunoglobulin secretion by malignant B cells after culture with IL-21. Because WM is a lymphoma defined by elevated levels of IgM in the sera, often leading to hyperviscosity and related physical findings, our data suggest that strategies to block IL-21 may be useful in lowering the levels of IgM secreted by these tumors and may serve as novel therapeutic agents in the treatment of this malignancy.
Here, we have identified activated CD4 ϩ and CD8 ϩ T cells as being the primary source of IL-21 in the bone marrows of patients with WM. 9, 26 Although most of the CD19 Ϫ CD138 Ϫ samples obtained from bone marrow aspirates expressed IL-21 transcript at baseline, culture of these cells in the presence of anti-CD3 and anti-CD28 significantly enhanced both the expression and secretion of IL-21. A recent study has identified IL-6 as a specific and potent inducer of IL-21 production by CD4 ϩ T cells, and accordingly we observed significant increases in the secretion of IL-21 into the supernatant of CD19 Ϫ CD138 Ϫ cell cultures when IL-6 was added to the culture medium. 26 Gene expression analyses have identified IL-6 and its cognate receptor as being 2 of the most highly up-regulated genes in malignant WM cells compared with normal B cells, and recent findings from our laboratory indicate significantly elevated levels of soluble IL-6 in both peripheral and bone marrow sera obtained from patients with WM. 5, 34 Although IL-6 itself is known to promote B-cell differentiation and antibody secretion from WM cells, our data suggest that IL-6 in the bone marrow may be acting on T cells as well, subsequently enhancing the production and secretion of IL-21 into the tumor microenvironment where it is then free to act on malignant WM cells, increasing their cellular proliferation and IgM secretion. 5 Furthermore, we detected a significant increase in the secretion of IL-6 from both the MWCL-1 cell line and CD19 ϩ CD138 ϩ WM cells cultured with IL-21. However, culturing WM cells with both IL-21 and IL-6 together had no additional effect on cellular proliferation or IgM secretion compared with IL-21 alone (data not shown). In addition, use of an IL-6R-neutralizing antibody before the addition of IL-21 did not diminish the IL-21-mediated increase in cell growth and antibody production, suggesting that the effects of IL-21 on malignant WM cells are not because of a secondary increase in IL-6. Taken together, these data indicate the potential for a paracrine signaling loop that involves the production of IL-6 by malignant WM B cells and a subsequent increase in IL-21 expression and secretion by neighboring T cells within the tumor microenvironment, which ultimately promotes cellular proliferation and IgM secretion by the tumor cells through the activation of STAT3.
In addition to IL-6, the expression of other STAT3 targets was increased in WM cells treated with IL-21 as well. BLIMP-1, which is considered to be the master regulator of plasma cell differentiation, is encoded by PRDM1, a gene that is directly regulated by STAT3 after treatment of splenic B cells with IL-21. 35 In MWCL-1 cells cultured with IL-21, we noted increases in BLIMP-1 mRNA and protein levels as well. Accordingly, expression of PAX5, a target of BLIMP-1 repression, was subsequently decreased, an event that has been shown to be necessary for the differentiation of healthy B cells into antibody-secreting plasma cells. 36 Expression of XBP-1, which is the proximal regulator of antibody secretion from plasma cells and is normally suppressed by PAX5, was increased in MWCL-1 cells, consistent with the increase in IgM secretion by WM cells on treatment with IL-21. The changes in the expression of these proteins are all consistent with the differentiation of a B cell toward the secretory phenotype of a plasma cell. Interestingly, no effect of IL-21 was observed on the expression of cMyc protein levels, despite a known regulation of cMyc expression by STAT3. 16 In conclusion, we have identified the presence of IL-21 in the bone marrow of patients with WM. Although malignant B cells express the necessary components required for IL-21 binding and signaling, IL-21 cytokine appears to come not from the malignant cells themselves but from activated T cells present in the tumor microenvironment. IL-21 not only increases the proliferation of WM cells but also enhances the secretion of IgM and IL-6 as well, an effect of IL-21 that has not previously been found in malignant B cells. We believe that these data may indicate a novel interplay between malignant B cells and T cells within the bone marrow of patients with WM. Further investigations into the effectiveness of blocking IL-21 or its primary signaling mediator, STAT3, therapeutically for the treatment of WM are warranted.
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